Initial experiments using differentially functionalized fullerenes, CD-C 60 , hexa-C 60 , and tris-C 60 , suggested a properties dependent effect on cytotoxic and proliferative responses in human skin keratinocytes. In the present study we investigated the cytokine secretion profile of dermal epithelial cells exposed to functionalized fullerenes. Keratinocyte-derived cytokines affect homing and trafficking of normal and malignant epidermal immune as well as nonimmune cells in vivo. These cytokines are critical for regulating activation, proliferation, and differentiation of epidermal cells. Our results indicate that tris-C 60 (size range <100 nm) significantly reduces inflammatory cytokine release in a dose-and time-dependent manner. In contrast CD-C 60 demonstrated a relatively pro-inflammatory cytokine response, while hexa-C 60 did not significantly perturb cytokine responses. Physical and chemical characterizations of these engineered nanomaterials suggest that the disparate biological responses observed may potentially be a function of the aggregation properties of these fullerenes.
Introduction
Engineered nanomaterials have been wildly used for diagnostic therapy and drug delivery based on their unique properties, such as size and charge [1, 2] . C 60 -derived fullerenes are carbon allotropes whose physical and chemical properties are easily manipulatable making them attractive targets for clinical and industrial applications [3, 4] . However, unmodified fullerenes tend to form large aggregates due to their high aspect ratio and the strong van der Waals attraction between them, resulting in limited solubility in aqueous media thus restricting their applications. Consequently, drug development platforms as well as other commercial uses (e.g., for composites) have focused on derivatizing native C 60 fullerene molecules rendering it soluble. This not only broadens the scope of applications but also makes fullerenes more available to and interactive with biological systems, raising concerns about the potential toxicity of these materials. Also, the claimed mass production of fullerenes by Frontier Carbon Corporation makes it a possible workplace hazard.
In the current study we used three hydrophilic fullerenes derivatives, hexa-dicarboxyl fullerene, trisdicarboxyl fullerene, and gamma (γ)-cyclodextrin caged C 60 . Encapsulation of C 60 by γ-cyclodextrin enhances the solubility of C 60 without impacting the physicochemical properties of native C 60 , thus serving as an appropriate control [5] . While chemical functionalization of C 60 by the addition of carboxyl groups on the surface renders normally insoluble fullerenes soluble in aqueous media it also alters the electronic and physical properties of fullerenes. The physicochemical properties of the fullerene influence its interactions with cells and biological molecules. Studies have shown that nanomaterials can penetrate through skin and induce localized or even systemic biological responses [6] . In the present study human epidermal keratinocyte (HEK) cells were utilized to simulate the primary route of occupational dermal exposure and potential topical applications of fullerene derivatives. Skin epidermis is a first line of defense against pathogens and other environmental insults. Keratinocytes are the major cell type in human epidermis and are the primary responders to exogenous insults generating a variety of different cytokines greatly influencing the inflammatory dermal response [7] [8] [9] . In a previous study (manuscript submitted), we performed a suite of cellular endpoint analysis to determine the response of epidermal keratinocyte (HEK) to these distinctly derivatized fullerenes. A comparative analysis of the cellular responses elicited by these functionalized fullerenes indicated that tris-C 60 induced a differential response in HEK cells relative to either CD-C 60 or hexa C 60 fullerenes. Furthermore, the results presented herein suggest that engineered fullerene derivatives can dramatically alter the apoptotic and proliferative responses of HEK cells. Since cytokines influence viability, proliferation and differentiation of keratinocytes in vivo and are pivotal in the recruitment of immune cells [10] and the ensuing inflammatory response, we further evaluate the cytokine response of human epidermal keratinocyte (HEK) cells to modified fullerenes.
Materials and Methods

Chemicals and Reagents.
All reagents used in the study were special grade commercial products purchased from Invitrogen (Carlsbad, CA) and Sigma-Aldrich (Saint Louis, MO), unless otherwise stated. The cytokine kits were purchased from BD Biosciences (San Diego, CA) and Antigenix America (Huntington Sta., NY). The cytokine array kit was obtained from RayBiotech (Norcross, GA).
Preparation of Fullerene and Its
Derivatives. The watersoluble carboxyfullerenes C 60 substituted with a total of 12 (hexa-C 60 ) or 6 (tris-C 60 ) carboxyl groups (see Supplement 1 available at doi: 10.1155/2010/41640) and γ-cyclodextrin-C 60 fullerene molecule (referred to as CD-C 60 ) were synthesized for this study as described in [11] .
Preparation of fullerene derivative working solutions: tris or hexa-C 60 fullerene was added to sterilized distilled water and pH adjusted to 7.0 to create a stock solution of 2 mg/mL. The stock solutions were stored at 4
• C until use. Before the experiment, the stock solutions were vortexed for 3 minutes, then sonicated for 10 minutes to break up aggregates and form a uniform suspension. From this stock, serial dilutions of 25, 50, and 100 μg/mL in cell growth media were prepared and used to treat the cells. 4 cells per well in 96-well plates and allowed to reattach for 24 hours prior to exposure to fullerenes. After 24 hours, cells were washed twice. 10 μl WST-1 and 100 μl fresh warm media were added to each well and incubated for an additional 2 hours. Cell proliferation was assessed by measuring the absorbance at 450 nm and 600 nm using a microplate reader.
Cytokine Antibody
Array. The levels of cytokines released into cell culture media by functionalized fullerenes were measured using RayBio Human Cytokine Antibody Array III (Cat. No. AAH-CYT-3, RayBiotech). This antibody array matrix can simultaneously detect 44 cytokines, chemokines and growth factors ( Figure 3 ). The samples were analyzed according to the manufacturer's instructions. Briefly, cell culture medium from control and fullerene (50 μg/mL) treated groups was collected after 4, 8, 12, and 24 hours. The antibody array membranes were blocked using 2 mL of 1× blocking buffer at room temperature for 30 minutes in an 8-well tray. Subsequently, 1 mL of cell culture medium was added to each well, and then incubated at room temperature for 2 hours. After incubation, the membrane was washed three times with washing buffer I for 5 minutes each, and then washed twice using washing buffer II for 5 minutes each. The membranes were incubated with biotin-conjugated anticytokine antibodies for 2 hours, followed by HRP-labeled strepavidin incubation for 2 hours at room temperature. Cytokines were detected with supersignal west dura extended duration substrate (Cat. No. 34-75, Thermo Scientific Pierce, Rockford, IL) and visualized with ChemiDoc imaging system (BioRad, Hercules, CA). The intensity level of each spot was determined using Quality One Software (BioRad). The positive controls on membrane were used to normalize the signal intensity of individual cytokines. Subsequently wells were washed 3 times standard cytokines and test samples were added to each well in triplicate (100 μL/well) and incubated for 2 hours at room temperature. Bound cytokines were detected after 1 hour with working detector (100 μl, detection antibody + horseradish peroxidase conjugated streptavidin). Finally, color was developed using substrate solution and stopping reagents. Absorbance was measured at 450 nm, and the background noise was read at 570 nm. Cytokine concentrations were determined using the standard curve in the same plate.
Individual Cytokine
Statistical Analysis.
Data were analyzed by Sigma Stat software (Jandel Science, San Rafael, CA). The statistical differences among groups were determined by one-way analysis of variance (ANOVA) and/or Student's t-test. A Dunnett correction was used for multiple comparisons. The values were expressed as mean ± SEM. A P-value < .05 was considered a statistically significant difference.
Results and Discussion
Physicochemical Properties of Fullerenes.
The physicochemical characteristics of engineered nanomaterials greatly impact their properties eventually influencing their ability to interact with biological systems. As we have shown in the current study CD-C 60 , hexa-C 60 and tris-C 60 can induce diametrically opposite cellular and molecular responses. Using electrochemical characterization, UV-Vis spectra, dynamic light scattering, and atomic force microscopy, we obtained the following information about the physical and chemical properties of these fullerenes: (1) reduction potential of CD-C 60 , hexa-C 60 , and tris-C 60 versus Ag/AgCl is −0.98, −1.25, and −1.12 V, respectively, (2) both the hexa-C 60 and CD-C 60 were highly polydisperse with a range of particles from 20 nm to micron sized, and (3) tris-C 60 is relatively monodisperse with particle size from 100 to 160 nm. The chemical modifications of fullerenes appeared to impact the redox properties and aggregation properties of the fullerenes.
Functionalized Fullerene-Induced Apoptosis.
The previous studies in our laboratory have shown that fullerenes can regulate apoptosis in macrophage-like THP1 cells [11] . We therefore examined the ability of these fullerenes to induce cellular apoptosis in HEK cells. Programmed cell death was quantified after treatment with CD-C 60 , hexa-C 60 and tris-C 60 (25, 50 , and 100 μg/mL) for 6 and 24 hours. Cells were treated with camptothecin (CAM) as a positive control. Using an ELISA assay, the amount of cytoplasmic nucleosomes, an indicator of apoptosis, was measured in each sample. Though all three fullerenes appeared to inhibit basal apoptotic cell death, tris-C 60 caused over a 50% decrease in the number of apoptotic cells at all concentration tested (Figure 1(a) ). Moreover, unlike CD-C 60 , and hexa-C 60 , tris-C 60 protected the cells from camptothecin-induced apoptotic cell death in a dose dependent manner, and completely inhibiting apoptosis at 100 μg/mL (Figure 1(b) ). These results were confirmed morphologically using AO/EB fluorescent staining (data not shown). Apoptosis plays a critical role in the development and maintenance of homeostasis and in the maturation of organ systems [12] . Perturbation of this naturally occurring physiological process has been observed in several disease states. Dysregulation or failure of normal apoptosis contributes to the transformation of cells and provides a growth advantage to cancer cells [13] . The observed antiapoptotic function of CD-C 60 and hexa-C 60 , and the ability of tris-C 60 to inhibit apoptosis by extraneous agents raise concerns about their safety. Conversely, tris-C 60 could potentially be used to prevent premature neuronal degeneration caused by apoptotic cell death as has been previously suggested in [14] .
Effect of Functionalized Fullerene on HEK Cell Proliferation.
Further we examined the proliferative response of cells on exposure to fullerenes. Cellular proliferation in HEK cells was quantified using a nonradioactive WST-1 assay. This tetrazolium salt is cleaved to a soluble formazan dye by the succinate-tetrazolium reductase which is active only in viable cells. The quantity of formazan dye is related directly to the number of metabolically active cells. While no significant changes were observed in the proliferation capacity of cells treated with CD-C 60 and hexa-C 60 , there was a significant decrease in the percentage of proliferating cells in the tris-C 60 treated cells (Figure 2 ). These results indicate that not only can tris-C 60 perturb apoptotic mechanisms but it may also inhibit cell cycle progression, preventing cell division. Since cellular senescence is defined by the inability of cells to proliferate and occasionally to be resistant to apoptosis one can speculate that tris-C 60 may potentially induce senescence in HEK cells. Studies are ongoing to examine this response. 
Fullerene-Mediated Cytokine
Response. Insult mediated release of immunoregulatory molecules or cytokines primarily produced by keratinocytes are capable of initiating an immune response in the epidermis [15] . IL-1, which is constitutively produced and stored by keratinocytes, is released on damage to these cells and in turn stimulates the production of other cytokines such as, IL-6, IL-8, GM-CSF, and TNF-α amongst others [16] . Therefore, keratinocytes play a major role in the skin immune response. Moreover, physiological responses including apoptosis and proliferation are mediated by these very cytokines and play a deterministic role in the evolution and the integrity of the epidermal layer. We examined the secretion profile of cytokines in HEK cells exposed to the three different fullerenes using a cytokine antibody array to measure 44 different cytokines (Figure 3 ). HEK cells were treated with 50 μg/mL fullerenes for 4, 8, 12 and 24 hours. Interestingly, tris-C 60 significantly suppressed the major proinflammatory cytokines IL-6 and IL-8 and reduced TNF-β, RANTES, and GRO release as well. However, a notable increase in IL-1β levels was observed in a time-dependent manner. In contrast, CD-C 60 caused a significant increase in IL-6 and IL-8 release, but reduced TNF-β levels. Unexpectedly, the cytokine profiles for hexa-C 60 treated groups were similar to medium control.
Fullerene Derivatives Alter IL-1β, IL-6, and IL-8 Release in HEK Cells.
To determine the kinetics of the observed cytokine response and to confirm the array results we utilized single cytokine ELISA kits to assess extracellular cytokine levels from 2 to 48 hours. The cytokine array results indicate that functionalized fullerenes induce IL-1β release, but not IL-1α. We quantified IL-1β levels after cells were treated with fullerenes for 24 hours. A dose dependent induction of IL-1β release was observed in tris-C 60 treated cells. No significant difference was noted in the CD-C 60 and hexa-C 60 treated cells compared to medium control ( Figure 4) . It has been well demonstrated that normal human epidermal cells can produce interleukin-1 (IL-1) and TNF [17, 18] . Both these 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 cytokines act synergistically to orchestrate inflammatory responses and can also induce endothelial adhesion molecule (ICAM) expression critical for the adhesion of immune cells to the endothelial surface [14, 19] . In addition, these keratinocyte-derived cytokines may enhance accumulation of diverse cytotoxic effector cells for the destruction of keratinocytes. Release of IL-1 by damaged keratinocytes induces the production of proinflammatory cytokines, IL-6 and IL-8. IL-6 is produced by keratinocytes in response to skin injuries and can play a dominant role in dermal inflammatory diseases [20] . IL-8 is a major neutrophil chemoattractant and an important mediator of cutaneous inflammatory events, involved in lymphocyte migration and infiltration in human skin [21] . Conflictingly, in our array results, we observed a decrease in both IL-6 and Il-8 in tris-C 60 exposed cells. These results were further confirmed by cytokine-specific ELISAs, wherein, we saw a sharp decrease in the IL-6 levels as early as 2 hours, continuing to decrease to 48 hours in tris-C 60 treated cells. In contrast, IL-6 release was significantly increased in a dose dependent manner after 8 hours of CD-C 60 treatment in HEK cells. No significant differences occurred between hexa-C 60 treated and untreated media control group (Figure 5(a) ). Similar IL-8 responses were noted ( Figure 5(b) ), where CD-C 60 upregulates IL-8 release and tris-C 60 suppresses IL-8 release. Interestingly, release of IL-8 was significantly decreased in a dose-dependent manner after 2 hours of hexa-C 60 treatment. CD-C 60 induction of proinflammatory cytokines IL-6 and IL-8 suggests that CD-C 60 may potentially induce an inflammatory response in HEK cells [10, 22] . Interestingly, studies with mouse embryonic fibroblasts undergoing senescence demonstrated an increase in the expression and secretion of IL-1β and the involvement of the IL-1β signaling pathway in activation of p38 linked cellular senescence [23] implicating a role for IL-1β in this phenomena. As discussed earlier, senescent cells are often characterized by their resistance to apoptosis and their inability to proliferate. Both of these responses were observed in tris-C 60 treated cells, accompanied with a simultaneous enhancement in IL-1β levels. These responses were noted in a background of attenuated levels of proinflammatory cytokines IL-6 and IL-8, suggesting that tris-C 60 may be inducing senescence in these cells.
Fullerene Derivatives Alter TNF-β, GROβ, and RANTES
Release in HEK Cells. In the cytokine array study, TNF-α was not affected by fullerene treatment. Interestingly, TNF-β (lymphotoxin alpha) was inhibited on exposure to tris, hexa and CD-C 60 , and this result was confirmed by a TNF-β ELISA assay (Figure 6(a) ). TNF-β is a potent mediator of inflammatory and immune responses. Like TNF-α, TNF-β is involved in the regulation of various biological processes including cell proliferation, differentiation, apoptosis, lipid metabolism, coagulation, and antiviral responses. GRO, also referred to as MGSA for melanoma growthstimulatory activity, stimulates keratinocyte proliferation and migration, and angiogenesis in cutaneous wound healing [24] . Members of the GRO family, GROα, GROβ and GROγ, exhibit some functional redundancy. A decrease in total GRO levels was observed in tris-C 60 treated cells by the cytokine antibody array assay, but not GROα. We further evaluated GROβ and GROγ levels using the ELISA construction kit. No changes in GROγ were noted with either of the functionalized fullerenes (data not shown). However, GROβ was suppressed by tris-C 60 treatment ( Figure 6(b) ). CD-C 60 and hexa-C 60 did not significantly affect GROβ secretion. RANTES, or Regulated on Activation Normal T Cell Expressed and Secreted also called CCL5, is one of the chemokines produced by epidermal keratinocytes that might play an important role in the pathogenesis of cutaneous inflammatory disorders [25, 26] . It is predominantly chemotactic for T cells and is involved in the recruitment of T lymphocytes, eosinophils, basophils, and leukocytes to inflammatory sites [27] . Here again secretion of RANTES was significantly downregulated by tris-C 60 but was unaltered in CD-C 60 and hexa-C 60 treated cells suggesting that CD-C 60 and hexa-C 60 do not induce an inflammatory response (Figure 6(c) ). However, tris-C 60 appears to decrease the basal levels of RANTES secretion in HEK cells suggesting a downregulation of normal inflammatory responses and potentially an immunosuppressive function.
Fullerene Derivatives Did Not Affect MCP-1 Release in HEK Cells.
Monocyte chemoattractant protein-I (MCP-1) is a chemoattractant for monocytes, macrophages, and basophils, but not neutrophils [28] . MCP-1 has been implicated in regulating the expression of adhesion molecules and of some cytokines [29] . It is an important mediator in allergic inflammation [30] . The role of MCP-1 in both inflammatory diseases and normal tissue homeostasis is not clear. MCP-1 stimulates both chemotaxis of monocytes and several cellular events associated with chemotaxis, including Ca ++ flux and expression of integrins [31] [32] [33] . As shown in Figure 7 , functionalized fullerenes did not alter MCP-1 levels even after 24 hours treatment. 
Conclusions
The results of the cellular endpoint studies indicate that tris-C 60 can significantly reduce basal cell death and proliferation. Since apoptosis plays a critical role in maintaining cellular homeostasis, perturbation of this physiological response may potentially impact cell population dynamics and consequently organ-level responses [34] . A tris-C 60 induced cell resting state may potentially explain the overall unaltered or reduction of inflammatory cytokine release such as, IL-6, IL-8, GRO, TNF-β, RANTES, and MCP1. Our results demonstrate that CD-C 60 , hexa-C 60 , and tris-C 60 treatments elicit differential cytokine responses in HEK cells suggestive of a proinflammatory response by CD-C 60 (enhances IL-6 and IL-8 levels) and an antiinflammatory response by tris-C 60 (decreases all the inflammatory cytokines analyzed), while hexa-C 60 did not induce any significant changes in cytokine levels except a reduction in IL-8. Collectively, the antiapoptotic and antiproliferative function, the decrease of key inflammatory and growth promoting cytokines combined with the increase in senescent-inducing IL-1β levels supports a prosenescent role for tris-C 60 . Keratinocytes constitute about 95% of the epidermis and play a pivotal role in the response of the dermal tissue to environmental insults. Functional dysregulation of these cells or even partial abolition of this population could have significant ramifications in the response of the skin tissue to injuries and microbial infections. In summary, tris-C 60 elicited different cellular responses when compared to either CD-C 60 or hexa-C 60 . In contrast, CD-C 60 and hexa-C 60 induced relatively similar cellular responses. The observed difference in the biological responses of HEK cells to the three fullerenes could be tentatively attributed to the aggregation size of these particles.
